For the analysis and design of Multiple-Input Multiple-Output (MIMO) wireless communication systems with frequency diversity features, e.g., MIMO-Orthogonal Frequency Division Multiplexing (MIMO-OFDM) systems, it is often desirable to develop a channel model that can characterise the threedimensional (3-D) space-time-frequency (STF) correlation properties over the links of the underlying MIMO channels. In this paper, we propose a generic 3-D STF correlation model, which includes many well-known existing models as special cases, with closed-form expressions of the STF correlation properties. Based on the developed theoretical reference model, a deterministic simulation model is then proposed and its 3-D STF correlation properties are also investigated by providing closed-form expressions. It is shown that the correlation properties of the simulation model fit those of the reference model very well when the parameters of the simulation model are determined by using the Lp-norm method (LPNM).
Introduction
MIMO systems have recently received much attention because of their potential for achieving higher data rate and providing more reliable reception performance compared with traditional single-antenna systems for wireless communications. In order to theoretically analyse and design high performance MIMO wireless systems under various circumstances, it is of great importance to have proper theoretical reference models [20] for the underlying MIMO wireless channels. Furthermore, for the practical simulation and performance evaluation of MIMO systems, it is advantageous to develop accurate MIMO channel simulation models [14] . Nowadays, 3-D STF correlation models are required to comprehensively understand the behaviour of MNMO wireless channels with frequency diversity features, e.g., in MIMO-OFDM systems [4] . Most existing models, e.g., [1, 2, 6, 14] , were proposed to investigate 2-D space-time (ST) correlation properties of narrowband MIMO wireless channels, but the frequency correlation properties of two sub-channels in a MIMO channel were not well understood. In [19] , only 2-D time-frequency (TF) correlation reference and simulation models were studied for frequency correlated single-input single-output (SISO) channels under isotropic scattering assumptions. The authors in [13] investigated space, time, and frequency correlation properties separately of MIMO channels based on the elliptical geometry of scatterers for microcellular environments. However, in [13] , no one generic STF correlation function (CF) was given. Moreover, the integral expressions ofthe derived space and time CFs can only be numerically evaluated as no closedform expressions were found. Rad and Gazor proposed nongeometric 3-D STF correlation models for MIMO outdoor channels [8, 15, 16] , where the angle of arrival (AoA) and angle ofdeparture (AoD) were assumed to be independent. In this paper, we first derive a generic theoretical reference model in order to study the 3-D STF correlation properties between the impulse responses of two sub-channels with different carrier frequencies in a narrowband MIMO channel. Different from [13] , the proposed reference model is based on the well-known geometrical one-ring scattering model [1, 6] , which has widely been used for modelling MIMO channels in macrocelluar environments due to its simplicity, and has a closed-form expression of the generic STF CF. In contrast to non-geometric models [8, 15, 16] , the proposed model characterises the AoA using the von Mises angular probability density function (PDF) [2] , which is applicable to both isotropic and non-isotropic scattering environments, and considers the interdependence between the AoA and AoD. More importantly, we will demonstrate that the derived generic closed-form expression is valid not only for the 3-D STF CF, but also its degenerate 2-D and 1-D CFs, e.g., ST CF and frequency CF. This means that all the CFs have a uniform expression but with different parameters. The derived new 3-D STF correlation model is a generalization of many existing models [1, 2, 6, 7, 10, 11] . Due to its infinite complexity, the proposed narrowband onering STF MIMO reference model cannot be realized directly in software or hardware. Therefore, the corresponding simulation model is very important in practice for the performance evaluation of MIMO wireless communication systems. The second part of this paper uses the reference model as the starting point for the derivation of an efficient simulation model by taking into account all the 3-D STF correlation properties of MIMO channels. The proposed procedure is based on the principle of deterministic channel modelling [12] . Closed-form expressions will be provided for all the 3-D, 2 Fig. 1 . The BS and MS have nBS and nMS omni-directional antenna elements in the horizontal plane, respectively. Without loss of generality, we consider uniform linear antenna arrays with nBS = nMS = 2 (a 2 x 2 MIMO channel). The antenna element spacings at the BS and MS are designated by Sr and JR, respectively. The local scatterers are located on a ring surrounding the MS with radius R. It is usually assumed that R is much smaller than D, denoting the distance between the BS and MS. Furthermore, it is assumed that both R and D are much larger than the antenna element spacings Sr and JR, i.e., D>>R>>maAr, 9R}.
The multi-element antenna tilt angles are denoted by a and ,/.
The MS moves with a speed v in the direction determined by the angle of motion y. The angle spread seen at the BS is denoted by Al, which is related to R and D by (1)- (3) into (4) and after some mathematical manipulations, the 3-D STF CFs between h1,i11(t) and h,,mq(t+T), and similarly between h11 ,l (t) and hU,mq (t + T), are given by
respectively. Since the derivations of (5a) and (5b) are similar, only the derivation of (5a) is given in the Appendix. Consequently, the 3-D STF CF between the complex impulse responses hi, (t) and htq (t) can be directly obtained as [6] is obtained by substituting SR = 0 , X = 0 , and k = 0 into (6) . If further substitutingfD = 0 into (6), the space CF given in [7] is obtained. For a MIMO case, the ST CF shown in [1] is obtained by setting X = 0 in (6) with k . 0 . where C is the same as in (6) , while P = XY + ycos, -xcosy, (15b) Note that x, y, z, and X are the same as defined in (8a)-(8d) above. Similarly to (5) and (6) , (12) and (13) are the generic expressions which apply to all the 3-D, 2-D, and 1-D CFs of the deterministic simulation model with different C, P, and Q. The corresponding expressions of P and Q for the degenerate 2-D and 1-D CFs can easily be obtained from (14) by setting some relevant terms to zero. Comparing (14) with (7), we can relate A and B to P and Q by A = a2 +b2 _ (P2+Q2 (16a) B = -2(aP + bQ).
(16b)
From (12) and (13), it is obvious that only {ton}n needs to be determined for this deterministic simulation model.
Parameter computation method
In this subsection, we will apply the LPNM [12] replace 0,R by ¢>R and ¢> R, respectively, the three error norms E(P), E(p) and E(P) can be minimized independently.
Simulation results
In this section, due to the limitation of space, we will only focus on the frequency correlation properties based on (6), and will evaluate the performance of the simulation model. The basic parameters are as follows: fC=I GHz, fD=93 Hz, c=3x108 m/s, D=1200 m, R=100 m, k=3 ,u=z, a=ff/6, g =fT/3, andy= 7fT/12 .
Figs. 2 and 3 illustrate the 2-D space-frequency (SF) CFs against the frequency separation and space separation at the BS and MS, respectively. Comparing them, we find that the influence of the normalized antenna space at the MS is greater than at the BS, since the angular spread, AI, at the BS is generally small for the macrocellular case. Figs. [5] [6] [7] clearly demonstrate that the proposed deterministic simulation model can fit the underlying reference model very well in terms of time, frequency, and space correlation properties. 
